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1. A BRIEF HISTORY O F  VITAMIN C 
A requirement of vitamin C in fish was demonstrated for the first time in 1965 
(Kitamurakt al., 1965), but more than 200 years before, the first experimental 
work describing how to cure scurvy in man - the classic A Treatise Of the 
Scuruy by James Lind - was published in Edinburgh in 1753. A breakthrough 
in the history of vitamin C came when the Norwegian scientists Holst and 
Frølich (1907) discovered that guinea pigs were susceptible to scurvy, and this 
finding opened for attempts to isolate and identify the antiscorbutic factor. 
This factor was named vitamin C by Drummond (1920), and was identified 
by Waugh and King in 1932 (Waugh and King, 1932). The following year 
vitamin C was named «ascorbic acid» by Szent-Giorgy and Haworth (1933). 
One year later McCay and Tunison (1934) reported that brook trout 
(Salvelinus fontinalis) fed formalin preserved meat for one year developed spinal 
deformities, but the symptoms were not associated with the antiscorbutic 
factor recently described by Waugh and King (1932). As cited by Poston 
(1967), Hewitt in 1937 reported that sick trout with «fatty livers» responded 
favorably to dietary vitamin C, while McLaren et al. (1947) observed he- 
morrhages in liver, kidney and intestine of rainbow trout (Oncorhynchus n ~ y k k ~ )  
fed diets low in vitamin C. 
In 1961 rainbow trout with deformed vertebrae (scoliosis and lordosis) 
were found in many fish ponds in Japan. The fish had mainly been fed 
artificial dry diets, and the observations initiated experimental studies by 
Kitamura et al. (1965), showing for the first time a specific requirement for 
ascorbic acid (AA) in fish. Since then a substantial increase in intensive 
aquaculture production has taken place, and with concomitant increased 
efforts to investigate the various aspects of vitamin C in fish nutrition. 
In recent years vitamin C deficiency has caused substantial losses in 
commercial fish farming. A few years ago between 40 and 80 % of rainbow 
trout fingerlings (5-20 g) died in many of the Yougoslavian fish farms showing 
signs of discoloration and deformed spine. Analyses of the feed revealed no 
detectable leve1 of vitamin C, and the cause of the mortality was mainly 
attributed to a deficiency of this vitamin (Teskeredzic et al., 1989). This 
incident clearly demonstrated the need for a safe supplementation and feed 
quality control with respect of vitamin C in fish diets. 
2. CHEMICAL PROPERTIES 
2.1 Chrnistry 
In IUPAC terms, L-threo-2-hexenono-1,4-lactone, is the correct name for the 
trivial name L-ascorbic acid (AA). Ascorbic acid is one of a pair of enantio- 
mers having this structure. The other three isomers (D-ascorbic acid, L- 
isoascorbic acid, D-isoascorbic acid) posess O - 5 % vitamin C activity 
compared to AA (Hay et al., 1967). The hydroxyl groups in positions 2 and 3 
of AA are acidic and ionize with PK, 4.17 and pK2 11.79, respectively 
(Crawford and Crawford, 1980). These hydroxyl groups have to be unsub- 
stituted for antioxidant activity in foods and feeds. However, great efforts 
have been made to prepare chemical derivatives involving the 2 and 3 
positions which possess biological vitamin C activity and resistance to oxida- 
tion. A comprehensive list of the physical properties of AA has been given by 
Jaffe (1984). 
Ascorbic acid has several reactive positions available for the synthesis of 
derivatives as reviewed by Tolbert et al. (1975), but in the present paper only 
the 2-OH and 5/6-OH derivatives which have been investigated as sources of 
vitamin C in fish will be discussed. These are: 
Ascorbate-2-sulphate (AS) 
Ascorbate-2-monophosphate (AmP) 
Ascorbate-2-polyphosphate (ApP) 
Ascorbyl palmitate (Apt). 
In the following the abbreviations given (AA and its derivatives) will be 
used, and in addition the term «vitamin C» is referred to where general 
vitamin activity is discussed. 
Numerous papers have been published on the analysis of AA, but the 
majority of the methods describe determination of AA in foods for human 
consumption, especially fruits and fruit juices which contain high levels of AA. 
Basically, two analyticai approaches are used - direct and indirect methods - 
the latter involving derivatization before detection. The analytical principles 
of AA determination have been reviewed by Pachla et al. (1985), and include 
spectrophotometric (using a redox indicator or chromogen formation follo- 
wing derivatization), electrochemical, enzymatic and chromatographic 
methods. 
No standard method has been in general use in fish nutrition studies. This 
makes comparisons of data on tissue levels difficult. Wecently the direct 
chromatographic methods have gained wider use, but most of the nutritional 
studies published on vitamin C have been based on indirect methods invol- 
ving derivatization. 
Analytical methods have been described to determine the AA derivatives 
AS (Terada et al., 1978; Tucker, 1983; Felton and Halver, 1988; Dabrowski 
and Hinterleitner, 1989; Schuep et al., 1989; Wang and Seib, 1990; Sandnes et 
al., 1990), AmP (Dabrowski, 1990a) and ApP (Felton and Halver, 1988; 
Wang et al., 1988) in feeds and tissues. Questions have been raised whether the 
indirect AS methods detect AS specifically in fish tissues (Dabrowski and 
Hinterleitner, 1989; Waagbø et al. 1989; Sandnes et al. 1990). As the assay 
techniques are important in relation to the somewhat controversial discus- 
sions on AA metabolism in fish, the analytical principles applied in metabolic 
studies will be discussed more thoroughly in Chapter 4. 
3. VITAMIN C IN FISH FEEDS 
3.1 Antioxidant actiuity 
The mechanisms ofAA oxidation in feeds can be explained either by a one- or 
a two-electron transfer. Oxidation offeed ingredients initiated by free radicals 
are terminated by reduction with AA, as one electron is transferred to the free 
radical from the ascorbate anion the result being formation of the ascorbate 
radical. Initiation of lipid autoxidation by superoxide radical (O2-'), perhy- 
droxyl radical (HO,'), hydroxyl radical (HO') and singlet oxygen (O') can be 
retarded by AA (Fessenden and Verma, 1978; Nanni et al., 1980; Cabelli and 
Bielski, 1983). The ascorbate radical can act as both an oxidizing agent and a 
reducing agent, and it can react with itself to give a 1: 1 mixture of AA and 
dehydroascorbic acid (DHA) according to Liao and Seib (1988). 
The oxidation of AA by two-electron transfer involves reaction with 
dioxygen in the presence of metals, espesially cupric and ferric ions. The 
reaction mechanisms are described by Liao and Seib (1988), showing that 
transition metals catalyze the autoxidation of AA by joining AA and oxygen 
together in a ternary complex which dissociates into DHA, hydrogen pero- 
xide, and the metal ion. DHA is unstable and is rapidly hydrolyzed to 
2,3-diketogulonic acid, thereby loosing the vitamin C activity. Autoxidation 
is the major cause of AA destruction in feeds, and limiting oxygen, Cu(I1) and 
Fe(III), and the complexing between these ions and AA would reduce the 
losses (Bauernfeind, 1982). Metal chelating agents retard the autoxidation of 
AA (Liao and Seib, 1988). 
The rate of AA degradation in feeds is also influenced by other reducing 
substances present, destruction by light and acid catalyzed dehydration ofAA 
(Liao and Seib, 1988). Enzymes oxidizing AA are present in plants (Loewus 
and Loewus, 1987), and may be active in feeds containing vegetable products 
(Bender, 1973). 
The antioxidant mechanisms of ascorbyl palmitate (Apt) are basically the 
same as of AA. Palmitic acid esterification of AA hydroxyl position 6 and/or 
position 5 leaves position 2 and position 3 unsubstituted for antioxidant 
activity, while the lipid solubility is increased (Cort, 1982; Takahashi et al., 
1986). 
The antioxidant effect ofAA and Apt is more effective in combination with 
tocopherol, as tocopherol reacts with the free radicals first. AA and Apt 
regenerate tocopherol until all ascorbate is consumed (Lambelet et al., 1985). 
3.2 Stability 
Among the approaches to overcome the problem of AA instability in fish 
feeds has been microencapsulation or coating of crystalline AA. Hilton et al. 
(1977a) found that AA coated with ethyl cellulose was more stable than 
crystalline AA in a practical trout diet, but losses due to water addition, cold 
pelleting, and drying were approximately 90 %. Lovell and Lim (1978) 
compared AA and AA coated with ethyl cellulose, and reported losses of 
23-34% (AA) and 10-24% (coated AA) after steam pelleting and 55-69% (AA) 
and 40-55% (coated AA) after extrusion. A total loss of 70 - 80 % of the 
supplemented AA coated with ethyl cellulose was reported by Sandnes and 
Utne (1982) after steam pelleting and storage at 4OC for 24 weeks, while 
virtually no AA could be detected after 16 weeks when the feed was stored at 
room temperature. 
A product coated with triglyceride supplemented in the diet equivalent to 
1000 mg AA/kg was found to contain 115 mg/kg after cold pelleting and 
drying at 30°C for 48 hours (Sandnes et al., 1984). Soliman et al. (1 987) found 
this product to have a potential as a vitamin C source, showing a two fold 
retention after processing compared to AA. In another study the coated AA 
product appeared to be equal to AA as regards steam pelleting and storage 
stability, while a synthetic polymer coating increased the stability of AA 
compared to ethyl cellulose and lipid coating, especially during storage of the 
feeds (Skelbaek et al., 1990). The oxidation of AA is temperature dependent, 
and keeping the diets frozen has been shown to minimize the losses (Hilton et 
al., 1977a; Sandnes and Utne, 1982). However, in commercial farming of fish 
using dry feeds this is not economically and practically feasible. 
Lovell (1984) suggested application of AA on the surface of fish feeds after 
processing. A suspension of AA or coated AA products in the lipid source 
sprayed onto the pellets have been used by commercial feed producers in 
Norway, and unpublished results from our institute have shown that this 
method improves the retention of supplemented AA. However, upon hand- 
ling and transport of the feed, a significant amount of the supplemented AA 
was recovered in the crumble loss and thus not longer available for the fish. 
It should be noted that the quality of the lipid source affects AA stability in 
feeds, as Hung and Slinger (1980) showed that oxidized fish oil (peroxide 
value higher than 120 meq/kg oil) significantly reduced the stability of AA in 
a practical trout diet. 
The AA derivates AS (Halver et al., 1975; Schuep et al., 1989); Sandnes et 
al., 1989), AmP (Shigueno and Itoh, 1988) and ApP (Grant et al., 1989; 
Sandnes et al., 1989) have been found to be far more stable in fish feeds than 
the crystalline form. However, feed stability is not the only criterion on which 
to base the use of these compounds as vitamin C sources inpractical fish diets. 
It has to be proved that they are absorbed and possess vitamin C activity in 
the living tissues. These aspects are discussed in the following chapter. 
4. METABOLISM 
4.1 Biosynthesis 
Ascorbic acid is required by eucaryotic cells, but the capacity to synthesize 
M is absent in invertebrates, primates and fish (Fenster, 1989). In these 
animals the missing step in the biosynthesis of AA from glucose or galactose is 
the inability to convert L-gulonolactone to 2-keto-L-gulonolactone. (Chatter- 
jee, 1978). The enzyme which catalyzes the conversion is L-gulonolactone 
oxidase (EC, 1.1.3.8). 2-keto-L-gulonolactone is transformed by spontaneous 
isomerization into its tautomeric form, AA (Hornig et al., 1984). 
Ikeda and Sato (1964; 1965) demonstrated that carp (Cyprinus carpio) was 
able to convert intraperiteonally administered '*C labelled D-glucose and 
D-glucuronolactone (an intermediate in the biosynthesis of AA) to AA-'*C. 
Yamamoto et al. (1978) found L-gulonolactone oxidase acticity in carp liver of 
about one third of the leve1 found in the rat, but no activity could be detected 
in rainbow trout. These results compare with studies by Soliman et al. (1985) 
who investigated tilapias, cyprinids and salmonids, and detected enzyme 
activity only in liver and kidney tissues of carp (cyprinid) and in the kidney of 
Oreochromis sfilurus and Oreochromi~ aureus (tilapias). Consistent with these 
reports, Sato et al. (1978b) found that AA was not essential in the diet of carp, 
regardless of body weight. However, data presented by Dabrowski et al. 
(1988) indicate that an exogenous supply of AA may be necessary in the 
young common carp. This has also been suggested for another cyprinid, the 
Indian major carp (Cirrhina mrigala), as reported by Mahajan and Agrawal 
(1980a). 
g.2 drissue storage 
The most debated aspect of AA metabolism in fish is the question whether 
there is a storage form of vitamin C. Ascorbate-2-sulphate was suggested by 
Halver et al. (1975) to be a storage form. Reports from Halver and his group 
(Tucker and' Halver, 1984 a,b; Tucker and Halver, 1986) suggest that there 
are two or more body pools that include a store of AS which is readily 
interconverted in metabolizing tissues to and from AA. A sulphatase has been 
proposed to modulate the cellular levels of AA and AS in fish (Benitez and 
Halver, 1982). 
The proposal that AS is a storage form ofvitamin C in fish was partly based 
on analyses using a modification of the classical colorimetric method publis- 
hed by Roe and Kuether in 1942, measuring the absorbance at 515 nm 
produced when dinitrophenylhydrazine (DNPH) is coupled with dehydroas- 
corbic acid. In the modified assay (Tucker, 1983) AA was determined after 
incubation of the sample for 3 hours at 37OC while AS was acid-hydrolyzed to 
AA at 100°C. Differences in incubation times and temperatures allow for 
analysis of total ascorbate (AA-kAS) and for AA while AS is calculated by 
daerence. 
The first paper which reported on AS in fish tissues using a direct HPLC 
method was published by Murai et al. (1978). They fed channel catfish 
(Ictaluruspunctatus) different levels of AA and AS in the diet, but were unable to 
detect AS in blood or liver from fish in any group. 
In a study on vitamin C and reproduction in rainbow trout Waagbø et al. 
(1989) used the DNPH method as well as a fluorometric method (Roy et al., 
1976) for the determination of vitamin C in various fish tissues. The DNPH 
method seemed to overestimate vitamin C, and the fraction identified as AS 
by Tucker (1983) was termed «bound ascorbic acid» by Waagbø et al. (1 989) 
after a critical evaluation of the method used. The fluorometric method used 
by Waagbø et al. (1989) involves quinoxaline formation following derivatiza- 
tion of dehydro AA with o-phenylenediamine (OPDA) using N-bromosucci- 
nimide as oxidant. This method has been compared with AOAC titrimetric 
and fluorometric methods. The correlation coefficient was 0.979 and the 
average recovery was 99.3 % compared with the official methods (Pachla et al., 
1985). 
Dabrowski and Hinterleitner (1989) using another modified DNPH assay 
with correction for interfering substances were not able to detect AS in fish 
tissues. By the same method they found AS in Artemia cysts as have been 
reported earlier (Mead and Finamore, 1969). 
The DNPH principle of vitamin C determination has several drawbacks 
related to the specificity of the hydrazone formation (Zloch et al., 1971; Baker 
et al., 1973; Terada et al., 1977; Dabrowski and Winterleitner, 1989). An 
attempt to improve the specificity was described by Schuep et al. (1984) using 
chromatographic separation of the reaction products after extraction with an 
organic solvent. This method was modified by Sandnes et al. (1990) to detect 
AS separately (standard) by means of varying incubation times and tempera- 
tures. Applied on liver tissue of Atlantic salmon the ozazone formed by the 
«AS» incubation procedure increased with increasing vitamin C in the diet 
(Sandnes et al., 1990). However, using a direct HPLC assay (Schuep et al., 
1989) no AS could be detected in the same samples (Sandnes et al., 1990), nor 
in liver of plaice (Pleuronectes platessa) as reported by Rosenlund et al. (1990). 
Thus this fraction was termed «bound AA» by these authors. In summary, the 
results indicate the possibility of a storage form of vitamin C in fish, but 
probably not in the form of AS. 
4.3 Bioactivity of AA derivatives 
The first AA derivative which gathered interest as a vitamin C source in fish 
nutrition was ascorbate-2-sulfate (AS). This compound was detected in the 
brine shrimp Artemia salina and was postulated to be a storage form of AA 
(Mead and Finamore, 1969; Bond et al., 1972). Studies on AS in fish nutrition 
were undertaken by Halver and his group who in a series of reports claimed 
AS to be readily absorbed and equivalent to AA as a vitamin C source in fish 
(Tucker and Halver, 1984 a, b; Halver et al., 1975; Tucker and Halver, 1986). 
Other studies have not confirmed these results, and indicate that AS has a 
lower vitamin C bioactivity than AA. Only a few authors have presented 
analytical data on tissue levels of AA forms in feeding studies with fish. The 
experiments indicate that AS possesses some vitamin C activity in fish, but no 
authors have reported AS to be equivalent to AA with respect to organ 
retention of AA or AS (Murai et al., 1978; Tsujimura et al., 1978, 1981; 
Soliman et al., 1986a). 
Recent studies by Sandnes et al. (1990) and Dabrowski et al. (1990a) 
confirm these findings. Thus Sandnes et al. (1990) reported AA to have 4 - 5 
times higher bioactivity in Atlantic salmon than AS. The results showed that 
within reasonable feed supplementation levels AS does not provide adequate 
supplies of vitamin C to secure optimal physiological functions as demonstra- 
ted by tissue analyses of AA and haematological parameters. In rainbow 
trout, Dabrowski et al. (1990a) showed that the total AA concentration in 
viscera of fish fed 500 mg AS/kg feed was one sixth of that in fish fed an 
equivalent AA diet. Dabrowski (1990a) demonstrated hydrolysis of AmP in 
intestinal extracts from rainbow trout. In an in vitro study carried out by 
Sandnes and Waagbø (1991a), an extract from the gastrointestinal tract of 
Atlantic salmon was incubated with AS or AmP. The concentration of AS in 
the medium was unaffected, while AmP was removed, thus indicating the 
presence of phosphatase activity and Iack of sulphatase activity in the gas- 
trointestinal extract. 
Recent studies have shown that phosphate derivatives of AA posess good 
vitamin C activity in aquatic animals. A polyphosphorylated form of AA, 
L-ascorbyl-2-polyphosphate (ApP), was demonstrated to have vitamin C 
activity in channel catfish (Ictaluruspunctatus) (Grant et al., 1989; Robinson et al., 
1989; Wilson et al., 1989), in fathead minnow (Pimephalespromelas) and guppy 
(Poecilia reticulata) (Grant et al., 1989) and in Atlantic salmon (Salmo salar) 
(Sandnes et al., 1989). Ascorbate-2-monophosphate (AmP) has vitamin C 
bioactivity in shrimp (Penaeusjaponicus) as reported by Shigueno and Itoh 
(1 988) and in Atlantic salmon (Sandnes and Waagbø, 1991 b; Sandnes et al., 
1991). Phosphate derivatives of AA are probably absorbed as AA after 
hydrolysis in the gastrointestinal tract, as demonstrated in an in vitro experi- 
ment by Sandnes and Waagbø (1991a). 
A few reports have been published on the use of ascorb~l palmitate (Apt) as 
a vitamin C source in fish diets. From studies with channel catfish, Brandt et 
al. (1985) concluded that Apt prevented scurvy and provided suficient 
vitamin C for growth and feed conversion similar to fish fed AA in the diet. 
Soliman et al. (1986a) found similar results in juvenile tilapias (Oreochromis 
niloticm), but reported that fish fed Apt had higher hepatosomatic indexes and 
carcass lipid contents than fish fed other sources ofvitamin C. In a study with 
rainbow trout fry, Albrektsen et al. (1988) reported reduced growth during the 
first 8 weeks of the experiment in fish fed Apt in the diet compared to AA. It 
was shown that Apt resulted in lower tissue levels of AA, but an in vitro assay 
demonstrated the presence of enzyme activity hydrolyzing Apt in the gut. 
As far as the combination of feed stability and vitamin C bioactivity are 
concerned, data hitherto reported support that the phosphate derivatives of 
AA are superior to AA, AS and Apt as vitamin C sources in fish diets. 
5. BIOLOGICAL FUNCTIONS AND 
DIETARY REQUIREMENTS 
Unlike the B vitamins AA has no coenzyme function, but acts as a cofactor in 
various hydroxylation reactions in living tissues, of which the hydroxylations 
of collagen proline and lysine in connective tissues have been mainly studied. 
Ascorbic acid is further regarded as an important general modulator of redox 
systems in the body. A comprehensive general review on the biological 
functions of vitamin C is beyond the scope of this article. For further informa- 
tions is referred to Levander and Cheng, 1980; Hornig et al., 1984; Halliwell 
and Gutteridge, 1989; Padh, 1991; Slater and Block, 1991. 
Exact dietary requirement studies have been difficult to carry out due to 
the instability of AA in fish feeds. Most studies were conducted without 
control of the AA content in the diet by means of analyses of AA throughout 
the feeding period.'In many experiments the requirement was evaluated on 
the basis of supplementation levels, which most probably tended to overesti- 
mate the requirement. As feed stable vitamin C sources now become availa- 
ble such studies will be more accurate provided that the bioactivity of the 
compound used is known. 
5.1 Growth and deuelopment 
The symptoms of AA deficiency in fish were described by Halver et al. 
(1 975) including lordosis, scoliosis, distortion of support cartilage, hyperplasia 
of gi11 tissue, shortened opercles and petechial haemorrhages. External signs 
of AA deficiency have been described in rainbow trout (Kitamura et al., 1965; 
Halver et al., 1969; Hilton et al. 1977b, 1978; Meier and Wahli, 1990), brook 
trout (Poston, 1967), coho salmon, (Oncorhynchus kziutch) (Halver et al., 1969), 
cherry salmon, (Oncorhynchus musou) (Halver et al., 1975), Indian major carp, 
(Cirrhina mrigala) (Mahajan and Agrawal, 1980), common carp, (Cyprinus 
carpio) (Dabrowski et al., 1988), guppy, (Poecilia reticulata) (Halver et al., 1975), 
yellowtail, (Seriola quinqueradiata) (Sakaguchi et al., 1969), channel catfish 
(Lovell, 1973; Lim and Lovell, 1978; Miyazaki et al., 1985), Japanese eel, 
(Anguilla japonica) (Arai et al., 1972), milkfish, (Coregonus lauaretus) L (Zitzov 
and Millard, 1988), plaice, (Pleuronectes platessa) (Rosenlund et al., 1990), 
Tilapia zilli (Anadu et al., 1990), Mexican native chichlid, (Cichlustoma urotj- 
thalmus) Cunther (Chavez de Martinez, 1990) and Atlantic salmon, (Salma 
salar) (Sandnes et al., 1991). 
It is generally agreed that the deficiency symptoms seen in fish are caused 
by impaired collagen and support cartilage formation (Halver et al. 1975; 
Wilson and Poe, 1973; Lim and Lovell, 1978; Sandnes et al, 1991). Ascorbic 
acid functions as a cofactor for the enzyme-catalyzed hydroxylations of 
proline and lysine in collagen biosynthesis, where AA maintains enzyrne 
bound iron in its divalent state (Barnes and Kodicek, 1972; Hornig et al., 
1984). Collagen is an abundant protein in fish, and the highest concentrations 
are found in skin and bones ('koshinaka et al., 1990). Collagen synthesis and 
the role of BA in the formation of connective tissues in rainbow trout have 
been extensively studied by Sato and his group (Sato et al., 19784; 1982; 1984.; 
Yoshinaka et al., 1978). 
Based on studies on hydroxylation of collagen proline, Sato et al. (1982) 
estimated that the minimum dietary AA requirement to maintain nomal  
collagen formation in rainbow trout was 50 - 100 mg per kg diet. This is in 
accordance with other studies in salmonids, where the minimum dietary 
requirement in young fish has been suggested to be in the range of 40 - 100 
mg/kg diet (Halver et al. 1969; Halver 1972; Hilton et al. 1978; Sandnes 
1982). In coho salmon it was found that 50 mg/kg prevented deficiency 
symptoms and 100 mg/kg was needed to support optimal growth (Halver et 
al. 1969). Studies by Dabrowski et al. (1990a) showed that 20 mg AA/kg diet 
prevented skeletal deformity in rainbow trout, but Dabrowski et al. (1990a) 
suggested that a supplementation leve1 of 500 mg AA/kg is necessary to 
maintain body AA concentration. 
However, in the above cited reports crystalline AA or encapsulated crystal- 
line AA were used as vitamin C sources. These are labile in fish feeds and AA 
is highly soluble in water. It is possible that oxidation ofAA in the experimen- 
tal diets and leaching may have tended to overestimate the requirement. 
Thus Sandnes et al. (1991)) using a calcium salt of ascorbate-2-monophos- 
phate (AmP) as the dietary vitamin C source in a requirement study with 
Atlantic salmon fry, found that the minimum dietary requirement for growth 
and collagen formation was in the range of 10 - 20 mg AA equivalents per kg 
diet. The Ca salt ofAmP exhibit good vitamin C bioactivity in fish (Sandnes 
and Waagbø, 1991b), it is stable and less soluble in water than AA. 
As no comparable studies using other sources of vitamin C have been 
carried out with Atlantic salmon, it may be argued that the requirement may 
be lower in this species than in other salmonids. Further well controlled 
studies with different salmonid species using bioactive and stable vitamin C 
forms are needed to clarify this. 
In addition to the salmonids, the metabolism and dietary requirement of 
vitamin C have been most widely studied in channel catfish. In this species 
the AA requirement for growth and collagen formation has been found to be 
in the range of 30 - 60 mg per kg diet (Andrews and Murai, 1975; Lim and 
Lovell, 1978). 
Unfortunately, data presented on minimum dietary M requirements in 
other fish species are not so extensive as to allow for recommendations for 
dietary supplementations. The results may be inconclusive, and experimental 
design and control are not appropriate in many cases to evaluate the results. 
Wide variations in AA requirements have been reported within the same 
species, as weil among species. Thus it is still discussed whether carp requires 
dietary vitamin C or not (Sato et al., 197813; Dabrowski et al., 1988), and AA 
requirements for growth have been proposed to range from 40 mg/kg diet in 
the Mexican native chichlid (Cichlmoma uropthalmus) (Chavez de Martinez, 
1990) to 30.000 mg/kg in Tilapia zilli (Anadu et al., 1990). 
Studies to evaluate dietary AA requirements fos growth have been carried 
out with young fish. There is evidence that the need for dietary vitamin G 
decreases with increasing fish size or age (Sato et al., 1978a; Hilton et al., 1978; 
Waagbø et al., 1989). However, data are lacking on vitamin C requirements 
in older fish during the growth phase until maturation. 
5.2 Wound healing 
Physical factors and infections frequently result in wounds in fish, which 
further negatively affect disease resistance and the quality of fish as food. 
Collagen formation is necessary for optimal wound repair in animals, and the 
essential role of AA in the biosynthesis of collagen has promoted interest to 
study the effects of dietary AA related to wound healing in fish. 
Halver et al. (1969) studied wound healing after 24 weeks of a feeding trial 
with rainbow trout and coho salmon which were fed 0,50,200,400 or 1000 
mg AA per kg diet. A 1 cm incision was made through the abdominal wall at 
the mid line and a similar wound was made into the musculature above the 
lateral line. After closing the wounds with a gut suture, the fish were fed the 
experimental diets for another 3 weeks before histological examination of the 
wounds were performed. The results showed (Halver et al., 1969) that coho 
salmon and rainbow trout fed the AA deficient diet completely failed to repair 
the wounds, which was partially plugged with poorly clotted blood. Wound 
repair was related to the dietary content of AA, and coho salmon healed 
somewhat faster than rainbow trout fed the same dietary AA levels. Based on 
this study it was suggested that 1000 mg AA/kg diet is needed for optimal 
wound and tissue repair (Halver et al., 1969; Halver, 1972, Ashley et al., 1975; 
Halver et al., 1975). 
Lim and Lovell (1978) studied wound repair in channel catfish as a 
function of dietary vitamin C. An incision was made 1 cm in Iength and 0.2 
cm in depth parallel to the lateral line and closed with surgical suture. Fish 
were fed 0,30,60,90 or 120 mg AA/kg diet, and the wound repair study was 
carried out between the 15th and 17th week of the feeding experiment. The 
rate of wound repair was faster than in salmonids (Halver et al., 1969), and 
showed almost complete healing of deep muscle in 10 days when fed 60 mg 
AA/kg. The findings were discussed in view of the report on salmonids by 
Halver et al. (1969), and it was indicated that species dzerences could exist 
related to AA and biosynthesis of collagen. 
5.3 Reproduction 
The build-up of the yolk material in the growing oocytes in oviparous teleost 
fish is called vitellogenesis. Egg yolk proteins are synthesised in the liver under 
hormonal control, involving estrogenic hormones. The estrogenic hormones 
are synthesised in the ovarian follicles and released into the bloodstream. 
These hormones are taken up by the liver where they stimulate the synthesis 
of a specific egg yolk protein - vitellogenin - which is transported by the 
blood to the oocytes where it is absorbed. Vitellogenin comprises two main 
protein classes, the phosvitins and the lipovitellins, which constitute about 
90% of the fish egg mass. This is a brief description of the processes of 
maturation in oviparous teleosts, for more details it is referred to comprehen- 
sive reviews edited by Richter and Goos (1982) and by Hoar et al. (1983). 
High concentrations of AA in fish ovaries have been reported by many 
authors (Sandnes, 1984; 1988). Ovary levels of AA vary during the reproduc- 
tive cycle in the crucian carp, (Carmius carassius) (Seymour, 1981 a,b), in cod, 
(Gadus morhua) (Sandnes and Braekkan, 1981) and in sea trout, (Salmo trutta) 
(Sandnes, 1984). This is accordance with findings in mammals (Lutwak- 
Mann, 1958). The overall high levels and seasonal variations of AA in ovaries 
have been suggested to reflect a requirement for AA in hydroxylation reac- 
tions in steroidogenesis in the ovarian follicle cells (Hilton et al. 1979; Seymour 
198la).Thus Seymour (1981b) showed that administration of pituitary ex- 
tracts depleted ovarian AA in carp. Waagbø et al. (1989) further demonstra- 
ted significantly higher levels of circulating 17-B-estradiol in maturing rain- 
bow trout fed a high dietary level ofAA (2000 mg/kg) than in fish fed without 
AA in the diet. In accordance with this finding, different levels ofvitellogenin 
was found in the blood (Waagbø et al. 1989). They showed that the haemo- 
globin concentration was significantly negatively correlated to the gonados- 
omatic index in rainbow trout fed no AA in the diet, but not in fish fed dietary 
AA. 
Komarov and Knyazeva (1 984) reported an increased level of total serum 
protein in rainbow trout Sed a vitamin C enriched (700 mg/kg) diet, but the 
results are dinicult to interpret as a true control group apparently was lacking. 
The reports cited indicate that AA participates in the metabolism of sex 
steroids in fish similarly as in mammals (Biswas, 1969; Biswas and Deb, 1970), 
although the specific mechanisms have not been studied. The results do not, 
however, give any information on the dietary levels needed to cover the 
requirement of AA for optimum gonadal function and vitellogenesis. Taking 
into account the profound biochemical and physiological changes occuring in 
maturing fish compared with the immature stages, a higher dietary leve1 of 
AA than needed by juvenile fish is likely in fish with rapid gonadal gr0wth.A 
further aspect of AA requirement in broodstock fish is the transfer of AA into 
the eggs to support the need for normal embryonic development and hat- 
ching success. Sandnes et al. (1984) showed that maturing rainbow trout fed a 
dry diet supplemented with AA which contained 115 mg AA/kg feed after 
processing produced eggs with a significantly improved hatching rate than 
did fish fed the same diet without AA supplementation. The diets were fed for 
3 months prior to spawning. Egg AA levels were 3 1 pg/g (w. w) and 15 pg/g, 
respectively. Komarov and Knyazeva (1984) also presented results indicating 
similar effecs on egg hatching success in this species. 
Soliman et al. (198613) found that supplementation of 1250 mg AA/kg in the 
broodstock feed significantly increased egg hatchability in tilapias (Oreo- 
chromis mossambicus). The study also demonstrated that M in the broodstock 
diet could be transferred via the eggs to the newly hatched fry to support 
vitamin C activity during the early stages of life (Soliman et al. 1986b). 
A comparison of AA in eggs from steelhead and rainbow trout fed diets 
containing either 800 ppm or 1400 ppm M carried out by Ridelman (1981) 
showed fewer blind lots of eggs from fish Sed the higher leve1 ofAA. (Cited by 
Iwamoto and Sower (1 985)). 
Little is known about the metabolism of AA in developing fish eggs after 
fertilization. It has been shown in sea urchin eggs that the onset of collagen 
synthesis takes place during gastrulation and increases to a plateau in the late 
pluteus stage (Golob et al. 1974). Mizoguchi and Yasumasu (1982) found that 
archenteron formation in sea urchin embryos could be induced by ascorbate 
and a-ketoglutarate, and suggested that this could be a result of a stimulated 
procollagen synthesis. Unpublished results from our institute showed an 
increase in the amount of egg protein hydroxyproline in rainbow trout eggs 
during embryonic development. The results indicate that collagenous con- 
nective tissue is formed during incubation. It should be noted that the shell of 
fish eggs does not contain collagen, but a keratine-like material which does 
not contain hydroxylated proline or iysine (Waagbø et al. 1989). 
In summary, AA is necessary for optimal reproduction performance in fish. 
This is related to vitellogenesis and embryonic development. Incorporation of 
AA in the eggs during ovarian growth is important for a successful larval 
development after hatching. The data available are not suficient to suggest a 
broodstock dietary requirement of AA in any species of fish, but the require- 
ment may be higher than during the immature stages. 
5.4 Interactions with other nutrients 
It is well established that the requirement of vitamin C is influenced by other 
nutrients, either in the diet or through its biological function and metabolism. 
Factors affecting the stability of AA in fish feeds were discussed h Chapter 3, 
and the impacts of environmental factors upon vitamin C requirement and 
metabolism in fish will be dealt with in Chapter 5.5. 
The interaction of vitamins, minerals and diet composition in fish was 
recently discussed in a review by Hilton (1989). This covers interactions 
between AA and vitamin E, copper and iron. Only new data on these subjects 
will be presented in this paper. For general information on the interactions 
between AA and other nutrients it is referred to reviews edited by Levander 
and Cheng (1980) and Halliwell and Gutteridge (1989). 
A recent paper by Maage et al. (1990) reported on interactions between 
dietary vitamin C forms (AA and AS) and the metabolism oftrace elements in 
Atlantic salmon related to stimulation of the humoral defense system. This 
study demonstrated anaemia in vitamin C deprived fish despite significantly 
elevated iron concentrations in the liver. The concentrations of cadmium in 
the liver, gills and kidney were not affected by AA or AS in the diet, or by the 
supplementation levels of these forms (0, 500 and 5000 mg AA/kg; and 
equivalent amounts of AS). Fish fed the highest dietary leve1 of AA showed 
sign&cantly reduced selenium concentrations in the liver, but this effect was 
not seen in salmon fed an equivalent amount of AS in the diet. 
In response to stimulation of the humoral defense system by injection of an 
artificial soluble antigen (NIPl1-LPH), fish in all groups showed increased 
levels of hepatic metallothionein, copper, zinc and cadmium, while hepatic 
selenium and iron levels were less affected. In vitamin C deprived fish the total 
iron content in the spleen increased nearly threefold following antigen injec- 
tion, while the contents were approximately doubled in fish which had been 
fed any form or leve1 of vitamin C in the diet (Maage et al., 1990). 
Dabrowski and Køck (1987) found that the concentrations of iron and zinc 
in the contents ofthe posterior intestine were lower in rainbow trout fed M in 
the diet compared to fish fed AS supplemented and vitamin C deficient diets. 
It was suggested that AA enhanced the absorption of these elements in 
rainbow trout. 
Ascorbic acid deficiency has been associated with a decreased absorption of 
calcium by gill, skin, bone and muscle in fish (Pang, 1971; Mahajan and 
Agrawal, 1980). Dabrowski et al. (1990a) found reduced body levels of 
calcium in rainbow trout fed a vitamin C free diet for 84 days, but this was not 
seen at day 176 of the experiment. 
A better understanding of the interactions between M ,  AA derivatives 
and trace elements and minerals in fish nutrition is needed, especially related 
to the content and chemical form of iron in the diets and to the absorption, 
redistribution and general metabolism of iron in fish. 
Recent studies with Atlantic salmon have shown that excess dietary iron 
may excert significant negative impacts upon resistance to infectious diseases 
and fish health in general (Bentsen et al., 1991). It is known that feed iron in 
terrestrial animals is absorbed by the intestinal mucosa from two separate 
pools of heme and nonhaeme iron. Maeme iron is well absorbed and relatively 
little affected by AA, while AA is a powerful enchancer of nonhaeme iron 
absorption which normally constitutes the major dietary pool. Ascorbic acid 
plays a minor rolepn the absorption of insoluble inorganic iron, such as ferric 
oxide and ferric hydroxide, which are common feed contaminants (Lynch 
and Cook, 1980). Further, AA functions as a regulator in transport and 
redistribution of iron in the body as discussed by Maage et al. (1990), and iron 
is an important growth promotor for microorganisms. These aspects should 
be evaluated further in fish nutrition studies in order to secure an optimal 
balance between supplementation levels and chemical forms of iron as well as 
vitamin C in the diets. 
5.5 Stress and environmental factors 
Vitamin C studies in fish have also been focused on the possibilities to reduce 
negative impacts caused by stress and environmental factors upon health and 
disease resistance . These subjects have long been regarded as important 
topics of research in intensive production of land-living species, especially in 
poultry (Perek, 1984). Stress increases the susceptibility to infections in fish 
(Maule et al., 1989), and modern fish farming implies several forms of 
handling such as netting, grading, vaccination and transport. Stocking den- 
sity, pollution and poor water quality are also factors known to impose stress 
reactions in fish. 
The response to a wide variety of stressors is controlled by adrenocoticotro- 
pic hormone (ACTH) from the pituitary which controls the release of cate- 
choiamines (adrenaline and noradrenaline) and corticosteroids from the 
chromafin and interrenal tissues in the head kidney (primary response). 
Among the physiological changes caused by the release of these hormones 
(secondary response) are dilation of gi11 filament arteries, an increase in stroke 
volume of the heart, increased glycogen metabolism, and depression of the 
immune response (Mazeaud and Mazeaud, 1981; Gratzek and Reinert, 
1984; Wiik et al., 1989). 
In the body, AA interacts in the metabolism of catecholamines and corti- 
costeroids. It is required for the biosynthesis of noradrenaline from dopamine 
where AA acts as a co-substrate for the enzyme B-monooxygenase (Levine et 
al., 1985). It also affects the metabolism of corticosteroids as demonstrated 
experimentally by application of exogenous ACTH resulting in changes in 
AA levels of the body similar to those occuring in states of stress (Dvorak, 
1984). This has also been demonstrated in fish (Wedemeyer (1969) showing a 
reduction in head kidney AA after different forms ofstress or ACTH injection. 
It is known that stocking density imposes stress in fish, and a study by Lovell 
and Lim (1978) indicated that the requirement of AA is increased in channel 
catfish stocked at high densities. 
An experiment conducted by Sandnes and Waagbø (1991a) studied pri- 
mary (cortisol) and secondary (serum glucose) stress responses in Atlantic 
salmon (Salmo salar) with different AA status, using ascorbate-2-monophos- 
phate (AmP) as dietary vitamin C source. Following moderate physical stress, 
the circulating levels of cortisol and glucose increased, but these parameters 
were not significantly affected by the AA status of the fish. The concentrations 
of AA in head kidney and liver reflected the dietary intake of AmP, but were 
not signiiicantly influenced by the stress applied to the fish. 
The effects of salinity, temperature fluctuations and capture stress on the 
content of AA in tissues of striped mullet (Mugil cephalus) were investigated by 
Thomas (1984). All treatments led to changes in AA concentrations in the 
brain, gills, kidney and liver, but the pattern of fluctuations varied. Conclu- 
sions on how AA metabolism is affected by the parameters studied can hardly 
be drawn from this report, but the author suggested an involvement of AA in 
osmo- or ionregulatory functions of teleost gills, salinity and thermal adaption 
mechanisms in neural tissue, and the response of rena1 tissue to adverse 
environmental stimuli. 
Hilton et al. (1979) reported that AA concentrations in rainbow trout brain 
were consistently higher than in other tissues. Studies on the uptake of 
radiolabelled AA in the brain after intraperitoneal injection indicated a long 
time to reach an equilibrium, and suggest the existense of a bloodbrain barrier 
to M in the central nervous system (Hilton et al., 1979). Brain AA depletion 
as a response to stress was studied by Tucker et al. (1987) in rainbow trout, 
showing that the loss of brain AA after keeping the fish for five days in 
metabolism chambers was signiiicantly higher than in fish which was kept as 
control. A pool of AA in the brain which does not exchange with the body 
pool was proposed, and Tucker et al. (1987) suggested that the decrease of AA 
in the brain and in adrenals following stress is a result of excretion of AA 
metabolites rather than M itself 
The relationships between AA status and the brain levels of the neuro- 
transmitters serotonin, 5-hydr~x~indoleacetic acid, noradrenaline and dopa- 
mine were studied by Johnston et al. (1989) in rainbow trout. The results 
showed a significant relationship between brain serotonin, brain AA and 
weight gain after 12 weeks of feeding the test diets differing in the content of 
AA, but not after 24 weeks. In the biosynthesis of serotonin, AA may facilitate 
the conversion of tryptophan to 5-hydroxytryptophan by maintaining the 
cofactor tetrahydrofolate of tryptophan 5-monooxygenase in its active, redu- 
ced form ('Johnston et al., 1989). 
Fish breathe and eat in water, and this obvious fact implies that factors 
present in the aquatic environment have a direct impact upon the life 
functions. Pollutants as well as variable concentrations of naturally occuring 
components in the water affects fish physiology. Such environmental factors 
can act either directly by interfering in metabolic processes, or indirectly by 
releasing a stress reaction as discussed above. In most cases probably a 
combination of these effects occurs. 
Agrawal et al. (1978) demonstrated that AA protected against the orga- 
nochlorine pesticide aldrin in Channapunctatus. Fish fed 0.25 % aldrin in a diet 
supplemented with 1250 mg AA/kg showed a mortality of 25 % in 30 days, 
while the mortality was decreased tenfold when an additional amount of 5000 
mg AA was included per kg feed. Mortality was preceded by hematological 
changes like polycythaemia and leucocytosis, and with increased thrombocy- 
tes and decreased neutrophil populations. It has further been demonstrated 
that organochlorine pesticides induce the hepatic microsomal enzyme system 
in rats, which in turn stimulates biosynthesis of AA (Agrawal et al., 1978), thus 
supporting a theory of a beneficia1 role of AA in animals exposed to organoch- 
lorine pollution. An increased AA requirement has further been demonstra- 
ted in channel catfish exposed to toxaphene (an insecticide), resulting in 
a depletion of hepatic reserves (Mayer et al., 1978). 
Nitrite is an intermediate product of nitrification, and may reach toxic 
levels in unfavourable intensive production of channel catfish. The toxicity of 
nitrite is related to its ability to oxidize haemoglobin to methaemoglobin 
which can not carry oxygen. Wise et al. (1988) showed that high dietary 
levels of AA (800 - 8000 mg/kg) significantly reduced nitrite - induced 
methaemoglobinaemia when fed 24 or 48 hours prior to nitrite exposure in 
channel catfish. If fish were not fed AA throughout the last 65 hours prior to 
nitrite exposure, no protection of AA could be detected. 
Thomas (1987) reported that exposure to water-soluble fractions of oil 
caused a depletion of AA in brain, gill, kidney and liver tissues of striped 
mullet (Mugil cephalus). Liver AA concentrations were significantly depleted 
after one week of oil exposure, but returned to control levels after 20 days. 
According to Thomas (1987) care should be taken to ensure suacient AA 
reserves in fish cultivated in oil contaminated environments. 
The effects of acute and chronic cadmium exposures on AA status and 
cadmium accumulation in the tissues ofjuvenile striped mullet were studied 
by Thomas et al. (1982). Ascorbic acid was depleted in the liver and the gills 
accompanied by massive accumulation of cadmium in these organs, while the 
kidney and brain were less affected. In rainbow trout Yamamoto and Inoue 
(1985) demonstrated that the survival time of fish fed a diet containing 6000 
mg AA/kg was significantly extended compared to fish fed vitamin C free 
diets when exposed to 0.14 ppm cadmium in the water. 
The effect of AA on dietary and waterborne copper metabolism and 
excretion has recently been reviewed by Hilton (1989). According to the 
review, AA does not appear to affect absorption, excretion and the general 
copper metabolism in rainbow trout. This is in direct contrast to reported 
effects of AA on waterborne copper in carp and rainbow trout where it has 
been shown that dietary AA reduces the toxicity and tissue retention of this 
element. It is not immediately obvious why such differences should exist, and 
according to Hilton (1989) further studies are warranted to clarify these 
questions. 
5.6 Immunology and disease resistance 
Considerable research has been done to find means to prevent and treat fish 
diseases, but little work has been carried out to determine the relationships 
between nutritional status, immunocompetence and disease resistance. Most 
of the research which has been conducted in this field has focused upon 
mammals and birds, where effects of vitamin C on immune functions have 
iong been recognized and have been a topic of debate for many years. A large 
number of papers have been published on these aspects as reviewed by Beise1 
(1982) and Diplock (1991). 
In a recent review on nutrition and immunity in fish, Landolt (1989) stated 
that studies in this field have been hampered by the fact that fish immunology 
is in its infancy, a.nd that basic immune functions are still incompletely 
characterized. However, during the last decade some studies have been 
carried out, of which most interest has been focused on immunological 
hnctions and disease resistance related to dietary intake of vitamin C. 
Durve and Lovell (1982) showed that a dietary suppiementation of 30 mg 
vitamin C per kg supported normal growth and prevented deficiency symp- 
toms in channel catfish, but increased resistance against infection by Edwardsi- 
ella tarda was seen at a supplementation level of 150 mg/kg at a water 
temperature of 23 "C. At 33 "C, the protective effect of vitamin C was 
significantly less. The authors suggested that the vitamin C requirement for 
resistance to infection in Gsh could be Iower at higher water temperatures. 
In a further study with channel catfish Li and Lovell (1985) found that 
mortality rates of fish experimentally infected with Edvardriella ictaluri decrea- 
sed with increases in dietary AA levels, ranging from 100% for fish fed an AA 
deficient diet to 15% for fish fed 300 mg AA/kg diet and O for fish fed 3000 mg 
AA/kg. No differences were found in antibody production against E. ictaluri, 
total complement activity, or phagocytic engulfment of E. ictaluri by periphe- 
ral phagocytes among fish fed diets containing 30-300 mg AA/kg, but the 
dose level of 3000 mg AA/kg significantly enhanced antibody production and 
complement activity. 
A study carried out by Liu et al. (1989) did not confinn that increasing 
levels of dietary AA increased complement hemolytic activity and antibody 
titers in channel catfish. However, fish receiving 1000 mg AA/kg diet showed 
increased resistance to Eduardriella ictaluri, and exhibited a 100 fold LD,, 
compared to fish receiving a diet without supplementation of AA. 
In red sea bream (Pagum major) fed purified diets supplemented with O and 
1000 mg AA/kg, Yano et al. (1988) found no effects of diet on complement 
activity, while fish fed the high dietary AA supplementation showed a 
significant higher natural hemagglutinin titer. 
Studies have also been carried out to evaluate the significance of AA on 
immune functions and disease resistance in the salmonid fishes. In rainbow 
trout Blazer (1982) sbowed that AA deficiency significantly depressed iron - 
binding capacity and phagocytosis and reduced the cellular response to 
Yersinia mckeri. The cellular response to sheep red blood cells was not affected 
by dietary AA. 
Wahli et al. (1986) studied the effect of dietary AA on the disease resistance 
of rainbow trout infected with the parasite Ichtyophthirius multzj?lik which is a 
holotrichous ciliate. Trout fed O and 5000 mg AA/kg diet for five days were 
infected with 8.800 and 11.500 tomites per fish, respectively. Fifty days after 
infection no parasites could be detected on fish which had survived the 
infection. With the lower infectious dose the fish survival rate increased from 
48% (O mg AA/kg) to 98% (5000 mg AA/kg), while the respective values were 
0% and 82% in trout infected with the highest number of zoospores. Serum 
from experimentally infected fish was examined for tomite-immobilizing 
activity, IgM and spesific antibodies against I. multzj5liis (Wahli et al., 1986). 
According to the authors the results definitely indicated the presence of an 
immune response against this parasite, and that this response may be enhan- 
ced by dietary AA. 
Navarre and Halver (1989) studied the effects of high levels of dietary AA 
on disease resistance and humoral antibody production against Vibrio anguilla- 
rum in rainbow trout. Young fish were fed purified experimental diets sup- 
plemented with 0, 100, 500, 1000 and 2000 mg AA/kg for 28 weeks. Resis- 
tance to bacterial infection was related to dietary AA, and was reflected in 
improved survival of challenged fish fed 500, 1000 and 2000 mg AA in the 
diet. Higher antibody production was seen in fish fed these diets, and Navarre 
and Halver (1989) concluded that rainbow trout may survive bacterial 
challenge and improve antibody production when the diet contains 500 
- 1000 mg AA/kg. 
Bell et al. (1984) did not tind any positive effects on survival time of sockeye 
salmon (Oncorhynchus nerka) inoculated with Renibacterium satmoninarum which 
causes bacterial kidney disease (BKD). In these studies Bell et al. (1984) used 
Na-ascorbate-2-sulphate (AS) as dietary vitamin C source. In view of recent 
findings demonstrating a reduced vitamin C bioactivit~ of this compound in 
salmonids (Dabrowski et al., 1990b ; Sandnes et al., 1990), the results reported 
by Bell et al. (1984) may not be significant in relation to effects of vitamin C. 
Survival time was in fact found to be inversely related to the dietary AS leve1 
when the diets contained low levels of Zn and Mn, and fish from the same 
dietary treatments which were vaccinated against furunculosis (Aeromonm 
salmonicida) did not show any differences in antibody response (Bell et al., 
1984). 
In Atlantic salmon parr, Sandnes et al. (1990) studied the production of 
antibodies against a soiuble artificial antigen (NIP,,-LPH) following a fee- 
ding period of six weeks when fish were Sed different equivalent levels of AA 
and AS in the diets (0,500 and 5000 mg AA/kg). The antibody response was 
somewhat reduced in fish deprived of vitamin C, but there were no differences 
between fish Sed 500 and 5000 mg/kg, irrespective of chemical form. Further, 
as the vitamin C status was significantly lower in fish fed AS compared to AA 
as explained by a reduced bioactivity ofAS, the experiment indicated that the 
production of antibodies is not dependent on a high physiological status of AA 
(Sandnes et al., 1990). 
Erdal et al. (1991) fed Atlantic salmon three diets differing in the contents of 
AA and AS and measured general resistance after challenge with Vibrio 
salmonicida, development of spesific immune response after vaccination 
against Yersinia ruckeri and survival after challenge. No significant differences 
in general or spesific resistance were found, but unfortiinately the experimen- 
tal design renders interpretation of the results difficult. Thus the experimental 
diets were supplemented either with: 90 mg AA and 218 mg AS per kg feed 
(Diet i) ,  2980 mg AA/215 mg AS (Diet 2) or 90 mgAA/4770 mg AS (Diet 3). 
OIivier et al. (1989) fed a practical diet supplemented with 0, 50, 100, 200, 
500, 1000 and 2000 mg AA per kg to Atlantic salmon for 22 weeks. For all 
diets, no effects o11 non - spesific resistance factors were found. Croups of fish 
fed 0, 100, 500 and 2000 mg AA/kg were immunized against Aeromonm 
salmonicida and Vibrio anguillarum. One month after vaccination analyses of 
complement activity and humoral antibody response revealed no effects of 
dietary AA, and protection was observed in all vaccinated groups following a 
live challenge. 
The papers cited on the humoral response in Atlantic salmon related to 
dietary vitamin C intake were confirmed by Hardie et al. (1991) in a Seeding 
study with Atlantic salmon lasting for 23 weeks. However, they found that 
serum complement activity was significantly reduced in AA depleted fish, 
and on bath challenge with a virulent strain of Aeromonm salmonicida, a 
significant increase in mortality was seen in AA depleted fish compared to fish 
fed 310 mg AA/kg and 2750 mg AA/kg. Factors like serum protein level, 
differential leucocyte count, respiratory burst (superoxide anion) activity and 
erythrophagocytosis, as well as lymphokine (MAF) production following 
immunization, were unaffected by dietary AA (Hardie et al., 1991). 
In summary, there is evidence that high dietary doses of vitamin C protect 
against infectious diseases in channel catfish, but no clear conclusions can be 
drawn as regards the salmonids. Further studies are needed to acquire more 
knowledge on how the immune system and disease resistance are affected by 
vitamin C in the salmonid species. Feeding experiments should include 
challenge tests with fish Sed a range of dietary vitamin C levels in order to give 
recommendations on dietary supplementations when Seeding fish susceptible 
to infectious diseases in practice. 
5.7 Other physiological effects 
In addition to the topics discussed, the literature on vitamin C in fish nutrition 
describes a wide range of different physiological effects caused by a deficiency 
of this vitamin. It is not possible to give a comprehensive review on all factors 
studied, and it is important to bear in mind that some of the effects reported 
may not exclusively have a metabolic origin as a result of vitamin C defici- 
ency, but simply have been caused by a decreased feed intake in fish fed diets 
devoid of vitamin C. 
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